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Abstract--A new type of HDDR (Hydrogenation, 
Disproportionation, Desorption, Recombination) processing 
route, in which alloys are heated up under a low pressure of H, 
for the disproportionation stage, was found to be an effective 
way of obtaining high remanence Nd-Fe-B ternary powders, with 
no large decrease in coercivity (which was the problem with the 
previous HDDR processing route, in which the alloys were heated 
under vacuum). The alloys with 0.5 % Ga addition exhibited 
high coercivities of 1.0 MAm" with no degradation in remanence 
(B,  = 1.4 T). 
Zndex Terms-Nd-Fe-B, HDDR, anisotropic powder, high 
coercivity 
I. INTRODUCTION 
Recently, we have reported that anisotropic Nd-Fe-B ternary 
powder can be produced under certain HDDR (Hydrogenation, 
Disproportionation, Desorption, Recombination) treatment 
conditions, which consist of the newly proposed V-HD and 
s-DR treatments for the disproportionation and recombination 
stages, respectively [l]. High remanences of 1.3-1.4 T for the 
HDDR treated ternary powders, prove that additives are not 
necessary to obtain anisotropic HDDR powder. However, the 
coercivities of -0.5 MAm" were considerably lower than those 
of conventional HDDR treated powders. One of the reasons 
for this, is the appearance of large Nd,Fe,,B grains (-1 pm), 
which have been observed in the alloys after HDDR [2 ] .  
Therefore, the aim of this study is to obtain high coercivity 
HDDR powder by modifying the HDDR conditions, and by 
the addition of certain elements, without incurring a significant 
degradation in remanence. In this study, we propose a new 
type of heat treatment for the disproportionation stage, and 
then discuss the effects of Ga and Dy in the inducement of 
coercivity. 
~ 11. EXPERIMENTAL PROCEDURE 
[-] [treatmentJ 
Fig. 1 Schematic illustration of the heat treatment patterns for the 
Hydrogenation Disproportionation stage, used in this study. 
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were prepared by induction melting, and then homogenized. 
The hydrogen absorption and desorption characteristics of 
the 2 at.% Dy alloy were measured (This measurement 
technique is described in detail elsewhere [31). After 
homogenization, the ingots were pulverized using the hydrogen 
debrepitation process and then HDDR treated. In addition to 
the V-HD and c-HD treatments [l], a new type of processing 
route for the disproportionation stage, I-HD treatment (heating 
i n  a low H, pressure followed Hydrogenation 
Disproportionation), is proposed in this study. Schematic 
treatment patterns for V-HD and I-HD are shown in Fig. 1. 
During V-HD, samples are heated under vacuum, whereas 
during I-HD, samples are heated under a certain pressure of 
H, (= PH2-HEAT). When 0.1 MPa is used for both the PHZ.HEAT, 
and PH2.,, (see Fig. l), 1-HD is the same as c(conventiona1)-HD. 
A 10 min Ar flushing treatment ($(slow)-DR) and an evacuation 
treatment using a rotary pump (c(conventiona1)-DR) [ 11, were 
used for the recombination stage. The magnetic properties 
were measured using a VSM with a maximum field of 1.2 
MAm-I, after applying a pulsed field of 4.0 MAm" to the 
aligned and fixed powders (The magnetic measurement 
techniques used have been described in detail elsewhere [ 13). 
Microstructures were observed using an optical microscope 
and an SEM. 
111. RESULTS AND DISCUSSION 
In previous work [l], fixed values of the initial & pressure 
(PH2.HD in Fig. 1) were used for the V-HD treatment (for instance, 
P,,.,, = 61 kPa for the ternary alloy treated at 850 "C), and 
the effect of P,,,, on the magnetic properties were investigated. 
Fig. 2 shows the PHI-,, dependence of the remanence and 
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Fig. 2 Magnetic properties of Nd12,pex,,8B6,0 powder PHD treated at 850 
OC, and then s-DR and c-DR treated, against P H z + , ~  
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20 kPa. A maximum value of E ,  = 1.40 T was achieved with a 
moderate coercivity of 0.6s MAm.' using I-HD (PHZ.HEAT = IO 
kPa). Microstructural analysis  showed that the 
disproportionated phases in the alloys after I-HD treatment 
were more homogeneously distributed, than in the V-HD treated 
samples, in which a coarse lamella network was observed [I]. 
From these results, it can be seen that the H, pressure IS a 
critical parameter of the HDDR treatment. The deviation from 
the equilibrium pressure may be used to express the volume 
free energy change AG, = RT(lnp~omb-InpHz) where R is the 
gas constant, T is the absolute temperature, and p is the 
normalized pressurep I P P .  This difference in 5 pressure, 
which we have referred to as APHz (= Inp,o,,,b-lnpH,), will 
affect the driving force of the reaction. As shown in previous 
work, CO and Ga additions to the Nd,Fe,,B compound change 
the value of PKcomb [I]. The P,, for the 2 % Dy alloy was 
found to be higher than the ternary alloy (21.9 kPa at 850 "C), 
even though the dissociation pressure of DyH, is lower than 
that of NdH, [4]. Fig. 4 shows a plot of the enthalpy change 
AH versus entropy change AS for the recombination reaction 
of several Nd,Fe,,B alloys with additives [I] .  A linear 
relationship was observed for the Nd,Fel,B compounds with 
Ga, CO and Dy additions, in which AS increases (in absolute 
value) with all of the additives. This suggests that 
configurational entropy effects increase the stability of the 
Nd,Fel,B compound under hydrogen. In this work, intermediate 
values of AFfand AS between the ternary and 1.0 % Ga alloys, 
were used to estimate Proeomb = P"exp[AH/(RT)-AS/R 1 for the 
coercivity of Nd ,zpe81 BBdO powders HDDR (v-HD, s-DR and 
c-DR) treated at 850 "C. The remanence increases with 
decreasing whereas the coercivity decreases. Since a 
difference in reaction time during V-HD was observed (60 
min under 46 kPa, 3 min under 101 kPa), it can be said that a 
slow reaction for not only the recombination stage [ I ]  but 
also the disproportionation stage, is important for obtaining 
highly anisotropic powders. 
When PHZHD c 46 kPa was used, disproportionation did 
not occur, even though the equilibrium pressure (= PWomb 
(9.8 Wa at 850 "C) [ 11) is much lower, because of low activation 
at the surface of the samples. Therefore, instead of heating in 
a vacuum (v-HD), heating in a low H, pressure of 5 
46 kPa (I-HD) was tried. Fig. 3 shows the PHz HEAT dependence 
of the magnetic properties of I-HD treated N d t , ~ e 8 t 8 B , o  
powders. The results of V-HD and c-HD treated powders are 
also shown at the left and right sides, respectively. The 
coercivity increases with increasing PHSHBAT whereas the 
remanence decreases. However, compared to the V-HD treated 
alloy, the remanence was found to he higher when PH,,,5 
.. I 1.0 t *. 
I-HD treated at 650 "C 
(PH1*D - 48 kPs ), then 
s.DR and c-DR treated 
300 
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Fig. 3 Magnetic properties of Ndiz.zFesl,sB,,o powder I-HD treated (PH~.HD 
= 46 kPa) at 850 O C .  and then s-DR and c-DR treated, against PHZ.HEAT,. 
Values far wHD nnd e-HD treated samples w also shown. 
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Fig. 4 A plot of AS vs AH for the recombination reaction of several NdzFelpB 
oampaunds with various additives [I] .  Data of the dissocintion of NdHz and 
DyH2 [4] are also shown in this figure. 
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Fig. 5 Magnetic properties of Nd12.2.xDyxFe81.8.yG Baa powders w.HD 
treated at 850 ' C  then, s.DR and e-DR treated vs A>HziHD (= hp,,,,,h, - 
IWHZ.HD). 
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0.5 % Ga alloy. 
It is obvious that the same PHZ.HD gives different AP,,.,, 
(= lnpr~omh-lnpHz.HD) values for alloys with different 
compositions, which affects the inducement of magnetic 
anisotropy, as shown in Fig. 2. In order to eliminate the effect 
of the AP,,,, parameter, various PH,,HD values for the V-HD 
treatment were applied to GdDy added alloys, and their 
magnetic properties were plotted against Af",.,D (Fig. 5). 
Almost the same values of B, and E/J,  were obtained for the 
ternary and Ga added alloys, however, the coercivities of the 
Ga added alloys were almost twice as large. Although the 
enhancement of coercivity by Ga addition was reported before 
by Takeshita and Nakayama [SI, only the possibility of the 
inducement of anisotropy by Ga, has been discussed [6]. From 
the result shown in Fig. 5 ,  however, it may be concluded that 
Ga does not affect the inducement of anisotropy, but rather, it 
enhances the coercivity of HDDR treated powders. According 
to Kronmiiller's equation [7], a (= cx.&ty) is one of the 
microstructural parameters, which is related to (1) reduced 
surface anisotropy (aK), (2) misaligned grains (q), and (3) 
strength of exchange and magnetostatic coupling between 
neighbouring grains(a,,). By plotting HA/J, vs Fc/Js, this 
microstructural parameter a was estimated to be around 0.15 
and 0.5, for the ternary and O S  % Ga alloys, respectively [Z]. 
In this case, since the values of the remanences are the same, 
and the grain size is not as small as that of the so-called 
"exchange magnets", cl, can be treated as the same for the 
ternary and Ga added alloys, and the effect of exchange coupling 
will be negligible. Accordingly, the change in a m a y  be due 
A..... 
1.HD treated at 850 OC 
e.DR and oDR treated 
Fig. 6 Magnetic properties of Ndlz,,Fe,1.3G~,,B6.0pOwder I-HD treuled (PH7. 
HD = 46 kPa) at 850 'C. and then s-DR and e-DR treated, against PHZ.HEAT,, 
Values for r H D  or c.HD treated samples are also shown. 
to the development of reduced surface anisotropy, or weakened 
magnetic coupling between grains which supresses the 
propagation of reverse nucleation. Further studies are planned 
to try to explain the changes in microstructure due to Ga 
addition. 
The addition of Dy also enhances the coercivity, but 
degrades B p , ,  resulting in low remanences of less than 1.0 T. 
Since the disproportionation reaction was considerably slower 
than that of the ternary alloy [2], a's shown in the DTA curves 
of (Nd,,Dy,),Fe,,B compounds under % reported by Ikegami 
et al. [E], the final H, pressure during the V-HD treatment 
used in this study (limited to atmospheric pressure, 101 kPa), 
was not high enough to bring the disproportionation reaction 
to completion. 
The magnetic properties of the l-HD treated Cia added 
alloys are shown in Fig. 6, along with the results for V-HD 
and c-HD treated samples. The coercivity increases with 
increasing PHZ.HEAT and the maximum value of the remanence 
1'37 T was achieved when =30 kPa. The magnetic 
properties, when a holding time (under 101 kPa of H,) of 2h 
was used, are denoted by rhombi in Fig. 6. This longer l-HD 
treatment was effective in enhancing both the coercivity and 
remanence, to give values of 1.0 MAm.' and 1.40 T, 
respectively. 
IV. CONCLUSION 
A new processing route, in which the alloys are heated up 
under a low II, pressure (I-HD) during the disproportionation 
stage of the HDDR process, was found to be effective in 
enhancing not only the remanence but also the coercivity. The 
addition of Ga allowed the coercivity to be enhanced, with no 
degradation in remanence. 
ACKNOWLBDGMENT 
The authors would like to thank MI. R. Kogure for his 
assistance in many experiments. 
REFERENCEX 
[ I ]  H. Nakamura, K. Kato, D. Book, S .  Sugimoto. M. Okada and M. Homma, 
"A thermodymnnic study of the HDDR conditions necessary for nnisolmpic 
Nd-Fe-B powders", Proc. 15th Int. Workshop on RareEarth Magnets and 
Their Applications. Dresden, (1998) pp, 507.5 16. 
[21 H. Nakamuraetai., unpublished. 
[31 H. Nakamura, S. Sugimoto, M. Okada. nnd M. Homma, "High-coercivity 
SmzFe17Nx powders produced by HDDR and nitriding processes" Mater. 
Chem. Phys., 32 (1992) pp, 280 - 285. 
[41 0. G. Libowitz and A. J. Mueinnd. Handbook on the Phy.sic.v and Chemistry 
of Rare Earths Vol. 3. K. A. Gschneider, Jr. and L. Eyring, Eds., North- 
Holland, Amsterdam, (1979) pp. 307 - 310. 
(51 T. Takeshita and R. Nakaynma. "Magnetic properties and microstructures 
of the Nd-Fe-B magnet powders produced by the hydrogen treatment-(lll)" 
Pmc. I Ith Int. Workshop on Rare Earth Magnets and Their Applications, 
Pittsburgh, (1990) pp. 49 - 71 
(61 K. H. J .  Buschow, "Trends in rare-earth permanent-magnets'' IEEE Truns. 
Map.. 30 (1994) pp, 565 - 570. 
[71 H. KronmUller, "Recent progress in micromagnetism and magnetization 
processes in Hard Magnetic Materials". J. Magn. Sac. Jpn., 15 (1991) pp, 
6 -  16. 
[81 T. Ikegami, 8. Tomizawa, and S. Hirosawa, "High-coercivity anisotropic 
HDDR powder containing heavy rare earths". Proc. 9th Int. Symposium 
on Magnetic Anisotpopy and Coercivity in Rare-Eurth Transition Metal 
Alloys, SBo Paula, (1996) pp. 288 - 296. 
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on October 15, 2008 at 01:16 from IEEE Xplore.  Restrictions apply.
